The genus Panagrellus currently comprises 12 known species. These nematodes have a worldwide distribution and have been found in a variety of habitats such as slime flux, thermal springs, insect frass and spoiled cider. Diagnosis of Panagrellus species is rather problematic since few morphological features can be used to discriminate between species and the original publications do not indicate the number of specimens measured and lack standard descriptions of variance. In this study we review the taxonomic status of several species from this genus combining classical morphological data and molecular sequences. Eleven live isolates and fixed material from currently available type specimens representing six Panagrellus species were included. Morphological analysis included the examination of qualitative and quantitative characters of males and females. The taxonomic utility of morphometric data was evaluated by means of multivariate statistics (principal component and canonical discriminant analyses). Phylogenetic inference was based on analysis of nucleotide sequences from the LSU rDNA gene and morphological characters. Parsimony tree topologies inferred from nucleotide datasets strongly supported monophyly of the P. dubius isolates, but not the P. redivivus isolates. Phylogenetic interpretation of these rDNA sequence data suggests that both the P. redivivus and P. dubius isolates each include more than a single species. Only two of the 15 morphological characters evaluated were variable within the ingroup taxa. A long spicule bifurcation length maps on the combined evidence trees as a putative synapmorphy for P. dubius, whereas male D% was homoplastic within isolates of that species. The diagnosis of the genus Panagrellus is emended.
The first Panagrellus species to be recognised, a nematode currently known as Panagrellus redivivus, was described by Linnaeus (1767) as Chaos redivivus Linnaeus, 1767 . This species was more commonly known as the 'sour paste nematode' in reference to its isolation from book-binding glue, or as described by Linnaeus in 1767, "habitat in aceto and glutine bibliopegorum". The generic name Panagrellus was not established until 1938, when Thorne described a nematode isolated from wounds of a cottonwood tree in Utah. Based on observation of new diagnostic morphological features, Thorne (1938) erected the genus Panagrellus Thorne, 1938 , describing Panagrellus pycnus Thorne, 1938 as a new species. Controversy over the acceptance of the generic name Panagrellus over Chaos prevailed for many years (Rühm, 1956) . How-filiformis (Sukul, 1971) Andrássy, 1984; P. ceylonensis Hechler, 1971; and P. leperisini Massey, 1974 . These species have been delimited and described using Linnaean or phenetic species concepts, based on morphological or morphometric data. Only the morphology of the spicules and occasionally the structure of the vulva in females are useful for diagnosis and identification of species (Hechler, 1971 ). This lack of distinctive morphological features makes diagnosis of Panagrellus species rather problematic.
In this study we combined classical morphological imaging (differential inference contrast light microscopy), with data from scanning electron microscopy (SEM) and nucleotide sequences (nuclear ribosomal DNA) to evaluate the taxonomic position and phylogenetic relationships of certain Panagrellus species.
Materials and methods

ORIGIN OF THE SPECIES AND ISOLATES
Type material of six Panagrellus species was obtained from various nematode collections: P. dubius specimens (slide numbers 9 (holotype and four male paratypes), 9c (three male paratypes), S-9b (four female paratypes)) were obtained from the National Nematode Collection, Canada. Paratypes of P. ludwigi (slide number 35/2/2, nine males) were borrowed from the nematode collection at Rothamsted Research, Harpenden, UK. Specimens of P. pycnus (slide numbers T-846, T841P (11 male paratypes), T-840/1, T840, T843p, T844p, T-845p (ten female paratypes)), P. redivivoides (slide numbers T-848p (three male and three female paratypes)), P. redivivus (slide numbers G-2807, G-2809, G-2813 (12 female paratypes), G-2806, G-2808 (nine male paratypes)), and P. ceylonensis (slide numbers T910, T-911 (two male paratypes), T-909 (five female paratypes)) were obtained from the USDA Nematode Collection, Beltsville, MD, USA. Live cultures representing 13 isolates and three Panagrellus species (P. dubius, P. ceylonensis and P. redivivus) were obtained from various sources (Table 1) .
MORPHOLOGICAL STUDIES
Nomarski differential interference contrast microscopy
For morphological studies, nematodes were examined either live or heat-killed (60
• C) in Ringer's solution. For permanent slides, specimens were fixed in triethanolamine formalin (TAF) (Courtney et al., 1965) and processed to anhydrous glycerin for mounting (Seinhorst, 1959) . The following abbreviations for morphological features have been used in the text or tables: ABD = anal body diam.; BbL = basal bulb length; CL = corpus length; PH = pharynx length; D% = EP/PH × 100; E% = EP/TL × 100; EP = excretory pore position; GL = gonad length; GuL = gubernaculum length; LrD = lip region diam.; MBD = maximum body diam.; NL = neck length; NR = nerve ring position; IL = isthmus length; StL = stoma length; StD = stoma diam.; SpBifL = spicule bifurcation length; SpL = spicule length (measured along the curvature); L = total body length; TL = tail length; TRL = testis reflexion length. Measurements were made using a Nikon Eclipse E600 DIC microscope and an ocular micrometer, or by using Scion Image software (Frederick, MD, USA) calibrated with a stage micrometer. All specimens representing three Panagrellus species (Table 1) , P. ceylonensis (Vietnam isolate), P. dubius (WA and ID isolates) and P. redivivus (isolates JB052, JB129, MT 8872 and PS 1163), were measured using Scion Image software. Type specimens of P. ceylonensis (two males), P. dubius (seven males), P. ludwigi (nine males), P. pycnus (11 males), P. redivivoides (three males) and P. redivivus (12 males) were measured and included in the multivariate analysis (Table 2). Nine morphometric traits of adult males that have been considered key characters for diagnostic purposes (Hechler, 1971; Andrássy, 1984) were used for this study: L, MBD, EP, NL, TL, ABD, SpL, GuL and SpBifL. Initial illustrations were prepared by hand using a drawing tube; these illustrations were then digitised and final drawings prepared using Illustrator ® 7.0 software (Adobe Systems, Mountain View, CA, USA).
Scanning electron microscopy
Formalin fixed (5% aqueous solution for >24 h) nematodes were rinsed in several changes of 0.1 M phosphate buffer (pH 7.0), and post-fixed in 4.0% aqueous OsO 4 solution. Post-fixed specimens were rinsed several times in cold 0.1 M phosphate buffer within a 15 min period, dehydrated through a graded series of 20-100% ethanol, and critical point dried using a Tousimis Autosamdri-810 critical point drier. Dried nematodes were mounted in several orientations on double-sided copper tape attached to aluminium stubs. Stubs with mounted nematodes were coated for 3 min with a 25 nm layer of gold palladium in a Hummer V sputter coater (Techniques™). Specimens were observed using a JOEL 35 or XL30-FEG Phillips 35 Scanning Electron Microscope at 10 kV.
MULTIVARIATE ANALYSIS
The utility of individual morphometric characters, particularly those emphasised previously for diagnostic purposes, was assessed by means of multivariate statistics. Variation in the specified morphological characters among isolates and species was examined through principal component (PCA) and canonical discriminant (CAN) analyses using SAS software (SAS version 8.2, Cary, NC, USA). The analysis was performed on the selected morphometric variables, and a series of new variables (principal components or PC) were generated. In PCA, each PC is a linear combination of the input variables (i.e., morphometric characters). The number of PCs is equal to the number of the original character variables, but only the first two to four PCs are typically interpretable in a biological sense as they explain the highest percentage of variation in the data (Reyment et al., 1981) . PCA does not require any a priori grouping of the specimens. Consequently, it reveals overall patterns but does not distinguish variation within groups from variation between groups (Thorpe, 1976) . For this reason, only the first four PC values were considered in this study. Canonical discriminant analysis (CANDISC) was performed to examine the extent of separation among individuals of each species and to confirm results obtained by PCA.
CROSS-HYBRIDISATION TESTS
Reproductive compatibility of Panagrellus was tested considering the following isolates: P. dubius isolates I, II, V and VIII, P. redivivus PS1163, MT8872, JB129 and JB052. Circa 30 young females (J4) of each isolate were selected from stock cultures and transferred into new baby-food agar plates allowing them to recover, grow and become adults. Young males were also collected from stock cultures and kept in separate dishes until they were fully mature. Assays were done in an incubator at 25
• C, and monitored every 24 h for 2 consecutive weeks. Mating pairs were established by transferring five males of a given isolate (e.g., P. dubius isolate I) into a dish containing five females of another isolate (e.g., P. dubius isolate VIII), and vice versa (e.g., females of P. dubius isolate I with males of P. dubius isolate VIII). Positive controls consisted of dishes containing five males and five females of the same isolate. Breeding was considered successful when progeny production was observed. The progeny from each plate was collected and transferred to fresh agar plates so that a hybrid line could be established. Mating combinations are given in Table 3 .
MOLECULAR CHARACTERISATION
DNA amplification and sequencing
Nucleic acid preparations used for Polymerase Chain Reaction (PCR) amplifications of Panagrellus spp. were extracted from pools of 10-50 adults obtained from in vitro cultures. For outgroup rooting of the phylogenetic trees, two panagrolaimid taxa, Plectonchus hunti Stock, De Ley, Mundo-Ocampo, Baldwin & Nadler, 2002 (GenBank accession DQ145652) and Panagrobelus stammeri Rühm, 1956 (GenBank accession DQ145649) were also 
Positive breeding is represented by + and absence of breeding by −.
amplified and sequenced. Criteria for selection of these two taxa for outgroup rooting was based on results from a phylogenetic study of Cephaloboidea using LSU rDNA sequences, which supports P. hunti and P. stammeri as more closely related to Panagrellus than other Panagrolaimidae taxa (Nadler et al., 2006) . For nucleic acid extraction, nematode pools were incubated at 50
• C in pH 8.0 TE buffer (Ausubel et al., 1989) containing proteinase K (1 µg µl −1 final concentration) and digested until only cuticle remained. Nucleic acids were extracted from the digestion supernatant using phenol-chloroform enrichment, ethanol/ammonium acetate precipitation (Ausubel et al., 1989) . The resulting pellet was washed with 70% ethanol, resuspended in TE buffer (pH 8.0), treated with 50 µg of RNAse A (1 h at 37
• C), and DNA recovered following reprecipitation with ethanol. DNA was quantified by spectrophotometry, and 100-200 ng used per PCR reaction.
PCR was used to amplify a region within the 5 -end of the nuclear large-subunit (LSU) ribosomal DNA that included the D2 and D3 domains. Design of the forward PCR primer no. 391 (5 -AGCGGAGGAAAAGAAACT AA) was described in Nadler and Hudspeth (1998) . The reverse primer no. 501 (5 -TCGGAAGGAACCAGCTA CTA) was designed by Thomas et al. (1997) . Two alternative reverse PCR primers, no. 535 (5 -TAGTCTTTCGC CCCTATAC) and no. 536 (5 -CAGCTATCCTGAGGG AAAC), were designed for this study. Proofreading polymerase (ID Proof, ID Labs Biotechnology, or Finnzymes DyNAzyme EXT; MJ Research, Waltham, MA, USA) was used for PCR amplification. Typical PCR reactions included 0.5 µM of each primer, 200 µM deoxynucleoside triphosphates, and MgCl 2 concentration of 2 mM in a total reaction volume of 25 µl. PCR conditions, e.g., annealing temperature and MgCl 2 concentration, were adjusted empirically as needed to optimise reaction specificity for individual isolates; typical conditions included denaturation at 94
• C for 3 min, followed by 33 cycles of 94
• C for 30 s, 52
• C for 30 s, and 72
• C for 1 min, followed by a post-amplification extension at 72
• C for 7 min. One µl of each PCR product was used for agarose gel electrophoresis (1.3% agarose in 1 × TBE buffer) to confirm amplicon size and yield. PCR products were prepared for direct sequencing using enzymatic treatment with exonuclease I and shrimp alkaline phosphatase (PCR product pre-sequencing kit; USB Corporation, Cleveland, OH, USA). Sequencing reactions were performed using dye-terminator cycle sequencing chemistry and reaction products were separated and detected using an ABI 3730 automated DNA Sequencer. Sequences for each species were completely double-stranded for accuracy using the PCR primers and two internal sequencing primers. The forward internal primer was no. 504 (5 -CAAGTACCGTGAGGGAAAGTTG), and the reverse internal primer no. 503 (5 -CCTTGGTCCGTGTTTCAAGA CG). LSU sequences have been deposited in GenBank (see Table 1 ).
Sequence analysis
Contig assembly and sequence conflict resolution were performed with the aid of Sequencher v 3.0 (Gene Codes, Ann Arbor, MI, USA). Sequence regions corresponding to the PCR amplification primers were removed prior to multiple sequence alignment and phylogenetic analysis as primer incorporation during amplification masks potential mismatches (substitutions) that may occur in PCR priming sites. Sequences were aligned using ProAlign Version 0.5 (Loytynoja & Milinkovitch, 2003) . A ProAlign guide tree was constructed using corrected (for multiple hits) pair-wise distances, and this tree was used to estimate the hidden Markov model parameters (δ and ε) for progressive multiple alignment. For this LSU rDNA region of Panagrellus spp. (and outgroups), this yielded an alignment of 993 characters (the 'full alignment' or LSU FA). The effect of alignment ambiguity on phylogenetic analysis of these LSU data was explored by using the average minimum posterior probability of sites as the criterion for detecting and removing unreliably aligned sequence, since this value is strongly correlated with correctness as determined by simulation studies (Loytynoja & Milinkovitch, 2003) . To reduce the likelihood of excluding correctly aligned sites, the filter threshold was set to 60% minimum posterior probability, a value intermediate between the threshold of posterior probabilities for correctly vs incorrectly aligned sites in most simula-tion results (Loytynoja & Milinkovitch, 2003) . This filtering excluded 95 characters of the FA; this filtered dataset ('minus uncertainty' or LSU MUNC) was also used as a data matrix for phylogenetic analysis. As an alternative approach intermediate between using all aligned sites and removing characters based on a posterior-probability threshold, a dataset was constructed that included all aligned sites, but with each character weighted according to its estimated posterior probability (LSU WHTS). All molecular (LSU MUNC dataset) and morphological characters (see following section) were also analysed as a combined evidence dataset.
Data were analysed by maximum parsimony (MP) using PAUP* v 4.0b10 (Swofford, 2000) . Gap states (which did not occur among the ingroup taxa) were treated as missing data. Tree searches for these LSU and combined datasets were performed using the branch-and-bound option. Reported consistency indices (C.I.) do not include uninformative characters. Bootstrap parsimony analyses were performed using branch-and-bound searches with 1000 pseudoreplicates. Datasets and tree-files from analyses have been deposited in TreeBASE (Sanderson et al., 1994) .
Morphological analysis and character evolution
A total of 15 morphological characteristics (ten qualitative and five quantitative), including those typically used for diagnosis of species were evaluated (Table 4) . Range, mean, and standard deviation were determined for five quantitative characteristics. For cladistic analysis, continuous traits were coded as discrete states employing Simon's (1983) homogenous subset coding method. Oneway analysis of variance (ANOVA) was conducted for character values across the taxa using MSTAT-C v.2.0 (Freed, 1991) . For all characters, groups were defined that were significantly different at P < 0.05. This method confirmed the statistical distinctiveness of the groups within the sample, which is required for the application of subset gap coding. Finally, an a posteriori multiple comparisons test (Student-Newman-Keul's multiple range test) was performed to establish the subsets (character-states) within each quantitative character. Maximum parsimony analysis of morphological data was performed using PAUP* with all characters unordered and weighted equally. Searches for the most parsimonious trees were performed as described previously for the molecular datasets. 
Results
MORPHOLOGICAL STUDIES
Comparison of morphometric traits among Panagrellus species is rather problematic since literature descriptions include few quantitative traits, lack estimates of variance, and often do not report the number of specimens measured. In contrast, data presented herein includes this information for 20 individuals of each isolate (Table 2) .
At the generic level, four qualitative morphological traits are considered to have diagnostic value: i) head with six flat lips each with one apical papilla; ii) a typical 'panagrolaimoid' pharynx, this is with a short funnelshaped stegostom (less than half of stoma) and a procorpus constituting 55-65% the pharynx length; iii) the presence of a very conspicuous post-vulval sac; iv) spicules with bifid tips; and v) a 'flagellum-like' tail (more developed in males than females). Observations with light (DIC) and electron microscopy (SEM) confirmed these traits in all examined specimens (Figs 1A-C; 2A; 3B-E). At the specific level, our observations confirmed that vagina shape has some diagnostic value in discriminating between species. For example, the vagina in P. redivivoides is short and more perpendicularly orientated in relation to the longitudinal axis of the body (Fig. 1B) , whereas the vagina of all other species is slanted and orientated slightly anteriorly (Fig. 1C) .
SEM observations also demonstrated that the lateral field pattern among the three examined species is similar. In all cases, there were four longitudinal incisures, although a slight variation in this pattern was observed. For example, the lateral field pattern of P. ceylonensis consists of four deep lines, and the cuticle between the inner lines has a variable number of broken longitudinal striae (Fig. 3A) . In P. redivivus, the outer lines are not as pronounced as in P. ceylonensis and the separation between the inner lines is wider than that in P. redivivus. In addition, the cuticle between the inner lines is apparently smoother than that in P. ceylonensis (Fig. 3C) . The incisures in P. dubius are very smooth, with the cuticle between the inner lines with the appearance of broken striae orientated diagonally (Fig. 3F) . In spite of these differences, we have not determined if the observed cuticular patterns can be considered of diagnostic value or whether they were due to fixation artefacts.
SEM studies also provided improved resolution and a clearer basis for interpretation of the number and arrangement of the male genital papillae ( Fig. 2A-C) . Previous studies indicated Panagrellus males have seven pairs of genital papillae and one single ventral precloacal papilla (Hechler, 1971 ), but our observations showed there are only six pairs of papillae and a single ventral precloacal papilla, thereby indicating the likelihood that the phasmids were originally interpreted as the seventh pair of papillae (Fig. 2C) . Males of all species examined had a similar arrangement of genital papillae with one pair subventral precloacal, one pair lateral adcloacal, and four pairs of postcloacal papillae (pairs 1 and 4 subdorsal and pairs 2 and 3 subventral) ( Fig. 2A, B) .
Among the morphometric characters examined (Table 2), the spicule length and the length of the bifurcation of the spicule (particularly in relation to the total length of the spicule) showed variation among the studied species. The thickness of the individual bifurcated tips is a diagnostic feature that discriminates P. dubius from the other species, which have thinner tips (Fig. 3B, D 
, E, G).
Multivariate analysis
Both principal component and canonical analyses depicted four morphometric traits that consistently helped discriminate among the Panagrellus species (Table 4) : i) spicule length (SpL); ii) length of spicule bifurcation (SpBifL); iii) tail length (TL); and iv) excretory pore distance (EP). Of nine PC calculated, PC1 had the largest Eigen value (i.e., 34% of the variance) and together the first four PCs accounted for 79.2% of the total variation (Table 5 ). PC1 had positive values for all variables except SpL, SpBifL and GuL, and was most positively weighted by TL. PC2 was primarily influenced by the spicule length. The length of the spicule bifurcation was the most important variable in PC3, and PC4 was more positively weighted by EP.
Using those morphometric values that most significantly served to discriminate among all studied taxa as an a priori classification criterion, CANDISC showed results similar to PCA. CAN 1 was mainly dominated by SpBifL, whereas CAN 2 was mostly influenced by TL. SpL and EP most substantially influenced CAN3 and CAN4, respectively. According to their Eigen values, CAN1 and CAN2 were the variables that had the largest role in separating groups (Table 6) .
Two-dimensional scatter plots of population means for all canonical variables representing the first four canonical axes were generated. Figure 4 shows the relative positions of the population means on two axes (CAN 1 and CAN 2) of the canonical variables that compare their grouping with morphological variation and species designation. Five main groups of taxa were distinguished based on scatter plots of the first two canonical axes. The first group is represented by all P. dubius isolates, including both live isolates and type specimens. Groups 2, 3 and 4 represent P. ceylonensis, P. pycnus and P. redivivus respectively, and include live isolates and fixed museum specimens. Group 5 is represented by two morphologically similar species, P. redivivoides and P. ludwigi.
Cross-hybridisation tests
Results from the crossbreeding tests are provided in Table 3 . All P. dubius isolates were able to interbreed with each other and in all instances yielded viable progeny. Similarly, P. redivivus isolates PS1163, MT8872, JB-052 and JB129 were able to cross-hybridise with each other. Progeny were observed between the crosses of JB052 and JB129 and PS1163 and MT8872. Gravid females (with eggs) were observed in the crosses between PS1163 and/or MT8872 with JB052 and/or JB129, but no juvenile production was observed. None of the P. dubius isolates produced progeny when cross hybridised with the P. redivivus isolates and vice versa.
Phylogenetic analysis
MP analysis of the LSU FA dataset (242 parsimonyinformative characters) yielded two trees (Figs 5, 6 ) of 444 steps (C.I. = 0.94). These two trees differed only with respect to the monophyly of P. redivivus isolates. Bootstrap MP analysis of the LSU FA dataset revealed high ( 90%) support for most clades, with the exception of P. redivivus PS1163 plus P. redivivus MT8872 (Fig. 6) . Two major clades were recovered in these parsimony trees. One strongly supported clade included all P. dubius isolates and it contained two strongly supported, distinct, subclades, each with isolates from Coeur d'Arlene (ID) and Spokane (WA). The second strongly supported major clade included three of the four P. redivivus isolates. This clade depicted two isolates from diverse localities (MT8872, Missouri, USA and PS1163, UK) as sister taxa. Panagrellus ceylonensis (Vietnam isolate) was sister to P. redivivus plus P. dubius, and this relationship was strongly supported by bootstrap resampling.
MP analysis of the LSU MUNC dataset (214 parsimony-informative characters) yielded the same two tree topologies (Figs 5, 6 ) as the analysis of the LSU FA dataset. For the LSU MUNC dataset, these two most parsimonious trees required 389 steps (C.I. = 0.94). Bootstrap MP analysis of the LSU MUNC dataset (Fig. 6 ) revealed very similar levels of clade support to that recovered in analysis of the LSU FA dataset.
Analysis of the LSU WHTS dataset (242 parsimoniously informative characters, each weighted by alignment posterior probability) yielded one most parsimonious tree of 368.91 steps (C.I. = 0.94). The topology of this tree was identical to one of the two most parsimonious trees inferred for the LSU FA and MUNC datasets (Fig. 5) . Levels of bootstrap support inferred from the LSU WHTS dataset (Fig. 5) were also virtually unchanged from those inferred from the LSU FA and MUNC datasets (Fig. 6) .
Phylogenetic analysis of the 15 morphological characters (nine parsimony informative) yielded three most parsimonious trees (not shown) of length 19; the strict consensus of these trees depicted only a single clade, a polytomy among four P. dubius isolates (III, IV, V, VIII); no group had bootstrap support exceeding 60%. Parsimony analysis of the combined morphological and molecular LSU MUNC datasets yielded two most parsimonious tree of 332 steps (C.I. = 0.95); these trees differed with respect to monophyly of P. redivivus isolates (Fig. 7) . Bootstrap MP results for the combined evidence dataset (Fig. 7) showed substantial similarity to results inferred from the LSU datasets (Figs 5, 6) , with the addition of some weak support for two separate clades of P. dubius isolates (P. dubius III + VIII, and P. dubius IV + V).
Character evolution and species delimitation
The combined evidence (28S + morphology) trees were used to explore patterns of character evolution for morphological characters. Another goal of this study was to determine if each terminal taxon is delimited by autapomorphies, using the LSU MUNC dataset. Based on one phylogenetic species concept (Adams, 1998 ) that utilises character polarisation by way of outgroup comparison, unique derived character states (autapomorphies) are identified among comparable individuals. According to this concept, lineages having an autapomorphy exhibit evidence that they are on independent evolutionary trajectories, and can be delimited as separate species (Adams, 1998; Nadler, 2002) . In this study, P. redivivus JB129 was defined by four autapomorphies, and the clade consisting of MT8872, PS1163, and JB052 had 11-13 autapomorphies (depending on which of the two most parsimonious trees was interpreted).
Discussion
In this study, a combined morphological and molecular phylogenetic approach was used to expand the taxonomic knowledge of Panagrellus and to interpret the evolutionary relationships of species. Multivariate statistics (principal component and canonical discriminant analyses) were used to evaluate the utility of morphometric characters, particularly those emphasised previously for diagnostic purposes. This type of analysis has been used in many taxonomic revisions to assess the relative value of morphological traits used traditionally for either diagnosis or delimitation of taxa at different levels (Stock & Kaya, 1997; Stock et al., 2000) .
SEM and LM morphological examination of type and live material confirmed and expanded interpretation of several diagnostic traits in Panagrellus. For example, LM morphological and morphometric observations of type specimens of P. redivivoides and P. ludwigi, together with statistical evidence provided by the multivariate analyses, suggest that with the exception of the vagina shape ('barrel-shaped' in P. redivivoides vs a longer and anteriorly orientated vagina in P. ludwigi), no other morphological differences are found between these species. However, because of the lack of well-preserved type material or live specimens for detailed morphological and molecular characterisation of these species, no taxonomic action is warranted regarding the conspecificity of these two taxa.
Results obtained from the multivariate analysis corroborated the value of several morphometric characters that have been considered useful diagnostic traits to differentiate Panagrellus species, i.e., spicule length, length of the spicule bifurcation, tail length, and maximum body diameter. These traits have played key roles in the differential diagnosis of Panagrellus species (Hechler, 1971) .
Cross-hybridisation studies showed all P. dubius isolate were able to interbreed with each other, thereby demonstrating their reproductive compatibility and providing support for their consideration as the same biological species. Likewise, P. redivivus isolates pairs PS1163/ MT8872 and JB129/JB052 yielded fertile progeny when crossbred with each other. Although fertilised females were observed in crosses between PS1163 and/or MT8872 with JB052 and/or JB129, no juveniles were observed hatching from the eggs. These observations suggest that the failure to produce viable eggs could be an indication that these isolates may be separate biological species.
The current study is the first comprehensive testable hypothesis of phylogenetic relationships for species in Panagrellus. In this case, both the parsimony trees and the relative reliability of clades (as assessed by bootstrap resampling) were not sensitive to alignment ambiguity of these 28S data. All datasets analysed (full alignment (FA)), excluding ambiguous alignment regions (MUNC), characters weighted by alignment posterior probability (WHTS), and combined molecular plus morphological data strongly supported all P. dubius isolates as a monophyletic group. Within this clade, two robust P. dubius subclades were recovered in all analyses. These subclades each included isolates from two northwestern US states, Idaho and Washington. In contrast, phylogenetic analyses did not consistently support the monophyly of P. redivivus isolates, typically due to poor resolution involving P. redivivus JB129. In contrast, the remaining three P. redivivus isolates (JB052, PS1163, MT8872) were monophyletic with strong (100%) bootstrap support in analysis of all datasets, and isolate JB052 was consistently represented as the sister taxon to PS1163 and MT8872. The trees inferred from analysis of combined morphological and molecular data were slightly more resolved for P. dubius isolates, but otherwise depicted the same relationships as trees inferred from the FA and MUNC datasets; bootstrap values in the combined evidence tree were slightly lower for some clades, presumably due to the homoplasy introduced by one or more morphological characters.
Phylogenetic analysis of these LSU sequences suggests that two groups of P. redivivus, JB129 vs JB052 + PS1163 + MT8872 may be separate species as they each were defined by 4-13 autapomorphies based on the LSU MUNC dataset. Similarly, the two subclades of P. dubius are strongly supported in phylogenetic analyses and may represent two cryptic species. However, some historical patterns of gene transmission and nucleotide substitution can compromise the interpretation of phylogenetic trees as tests of lineage independence and species, and this argues against making decisions about species boundaries based on evidence from a single genetic locus (Nadler, 2002) . Additional study of morphological features for these lineages may also be warranted since this study found no differences that correlate differences in structure with these sequence-defined lineages.
Assessment of patterns of character evolution for the two morphological traits that were variable within the ingroup taxa revealed that a long (>10%) spicule bifurcation is a putative synapomorphy for P. dubius isolates, whereas male D% was homoplastic within isolates of the same species. Finally, based on analysis of data in this study we consider it necessary to provide an emendation of the diagnosis of Panagrellus as follows.
Panagrellus Thorne, 1938 = Turbator Goodey, 1943 = Tylorhabdus Sukul, 1971 DIAGNOSIS (EMENDED) Panagrolaimidae. Body long (600-2900 µm). Cuticle with fine longitudinal striae and more pronounced transverse striations. Six lips, usually flattened, each lip bearing a single papilla. Short funnel-shaped stegostom (less than half of stoma). Procorpus constituting ca 55-65% of pharynx length. Excretory pore usually located at isthmus level. Lateral field variable, two external lines, plus variable number of broken longitudinal or diagonally orientated lines, or the reverse pattern (i.e., outer lines broken and orientated diagonally with fine longitudinal lines in-between). Adults with whip-like tail. Female vagina usually orientated anteriorly. Post-vulval sac present and conspicuous. Monodelphic, prodelphic. Male with single testis. Spicules paired, long, with very thin lamina. Velum present, extending along entire lamina from calomus to spicule tip. Spicule tip bifurcated, of variable length and thickness. Six pairs of genital papillae and a single ventral papilla, with following distribution: one pair subventral precloacal, one pair lateral (or subdorsal) adcloacal, two pairs subdorsal postcloacal (pairs 1 and 4) and two subventral postcloacal (pairs 2 and 3).
REMARKS ON OTHER PANAGRELLUS SPP.
In addition to the taxa included in this study, five other species have been described within Panagrellus: P. dorsibidentatus; P. filiformis; P. leperisini; P. nepenthicola; P. silusioides and P. ventrodentatus. These species were not included in the present study because of our inability to obtain type material or live cultures.
Panagrellus dorsibidentatus was originally described by Rühm (1956) as Anguillula dorsibidentata and later transferred to Panagrellus by Goodey (1963) . This nematode was originally recovered in Germany but has also been reported in Egypt (Andrássy, 1984) . This species was found in association with Buprestidae bark beetles (Goodey, 1963) . According to the original description, males of this species are characterised by having small teeth on the dorsal side of the stegostom. Other diagnostic traits include: a short tail (83-114 µm), a very long bifurcation of the spicules tip (22-26 µm), a gubernaculum (14-18 µm) with a bifid distal end, and the values of ratios a = 21-23, b = 5 and c = 7.5-8.7. Except for the bifid tip of the male gubernaculum, all other morphometric features overlap with P. redivivoides data (see Table 2 ). However, the lack of live or preserved material rule out any further comparisons and/or taxonomic action including the potential synonymy of this species to P. redivivoides. Panagrellus filiformis was originally described by Sukul (1971) as a new species of Tylorhabdus, a new genus that was erected to include this nematode species. Until now, P. filiformis has only been recovered from thermal springs in India. Diagnostic characters of this species are limited to one male specimen. No females were found or reported in the original description. Andrássy (1984) placed this species into Panagrellus, but did not add any additional details or expand the diagnosis of this species. The typical bifurcated spicules of Panagrellus were not described or illustrated in the original description. However, this must be due to a poor examination of the specimen. Because of the very deficient description for this species, and the lack of available type or live material to evaluate diagnosis of this species, we propose that P. filiformis be considered species inquirenda.
Panagrellus leperisini was recovered from the bark beetle, Leperisinus californicus Sw. galleries in a green ash (Massey, 1974) . According to the original description, males of this species are characterised by having six pairs of genital papillae (two subventral preanal, two subventral postanal and two subdorsal postanal). Line drawings of the original description do not provide evidence of the single ventral papilla. However, this could have been an oversight by Massey. Other morphometric diagnostic traits include: male L (740-920 µm) and values of ratios a (22-25), b (6.0-6.3) and c (8.2-8.4). Female morphometric characters comprise: L (820-970 µm); and values of ratios a (22.3-24.8), b (5.6-6.8), c (6.9-8.2) and V (66-69). Massey (1974) considered this species as being most similar to P. pycnus, differing only by the shape of the stoma. However, no further details on the stoma morphology of P. leperisini were provided. Line drawings from the original description do not show any significant difference in the stoma morphology of this species when compared with that of P. dubius or other Panagrellus spp.
Comparison of morphometric traits of this species with the taxa considered in this study place P. leperisini close to P. dubius isolates I and V.
Panagrellus nepenthicola was described by Menzel (1922) as Anguillula nepenthicola from Nepenthes sp. plants in Indonesia. This species is characterised by the large body size of both males and females. Goodey (1945) transferred this species to Panagrellus based on the pharynx shape, the long whip-like tail, and the spicules with bifurcated tips. Other diagnostic traits considered in the original description include: male (1360-1600 µm) and female (2000-2400 µm) L, and values of ratios a (male: 30-45; female: 28-35), b (male: 4-5; female: 5.6-5.8) and c (male: 12-15; female: 9-10).
Panagrellus silusioides was first described by Thalolikhin (1965) as a saprozoic nematode from the Soviet Union. Like P. nepenthicola, this species can be distinguished by the large body size of the adult stages. Adults have the excretory pore located at the level of the basal bulb. Females are characterised by having a long pharynx, ca 1/9 of the total body length, and by the tail length (ca 6 anal body diam.). Male spicules have a velum and range in length from 53-62 µm. Gubernaculum size ranges from 25-30 µm. Other diagnostic traits include: male (1700-2100 µm) and female (2000-2600 µm) L; and values of ratios a (male: 25-38; female: 21-29), b (male: 6.6-8.3; female: 8.7-9.6), c (male: 9-13; female: 11-13) and V = 66-78.
Panagrellus ventrodentatus was first described by Weingärtner (1954) from slime flux from trees in Germany. This species is characterised by the presence of small teeth on the ventral side of the stegostom. Goodey (1963) transferred this species to Panagrellus, mostly on the basis of the spicule and tail morphology.
As previously mentioned the lack of preserved and/or live material for the above cited species hinders any accurate comparisons or taxonomic actions regarding the validity or presumed synonymy of these species to other Panagrellus members.
BIONOMIC NOTES
Very little is known about the bionomics of Panagrellus species and their interactions with other microorganisms. According to their feeding habits, these nematodes, as well as other members of the Panagrolaimidae are considered to be free-living microbivores. They have also been reported as 'insect associates', particularly in association with bark beetles. For example, Massey (1974) reported P. leperisini and P. ludwigi as phoretically associated with bark beetles. According to Massey's observations, these nematodes were carried between beetle galleries and trees externally on various parts of the insect body, such as the elytra, between the intersegmental folds, and on tarsal and tibial joints of the legs. Smith et al. (1992) reported the association of a yeast and a nematode in studying the etiology of grape sour rot in Italy. This undescribed "fungus-like" yeast was identified as a new genus, Botryozyma, and the new species named B. nematodophila in reference to its association with the nematode P. redivivoides (= P. zymophilus). These authors also reported that Drosophila flies were involved in the dissemination of both the yeast and the nematodes (Smith et al., 1992) .
In the US, Kerrigan et al. (2001 Kerrigan et al. ( , 2003 reported a similar "yeast-nematode-insect" association from insect galleries and wounds of deciduous trees in the western states. Specifically, two yeast species, Ascobotryozyma americana Kerrigan et al. (2001) and A. cognata Kerrigan et al. (2003) were isolated from the surface of P. dubius, a nematode associated with galleries of the poplar borer Saperda calcarata in trembling aspen (Populus tremuloides) and the bark weevil Cryptorhynchus lapathi in willow (Salix sp.) in eastern Washington and Idaho, respectively. Moreover, another yeast species, Botryozyma mucatilis was isolated from the cuticle of a P. dubius isolate inhabiting slime flux from hybrid poplars in Oregon (Kerrigan et al., 2004) .
